SUMMARY In five conscious dogs motility of the antrum, pyloric sphincter, and duodenum was recorded with strain gauge transducers and induction coils. Gastric evacuation of low, medium, and high viscosity meals was measured via a duodenal cannula and observed simultaneously by radiography. Computer analysis of the propagation of the gastric waves revealed increased velocity in the distal antrum but no simultaneous contractions of the terminal antrum and pyloric sphincter. Radiography showed, and measurements of the antral diameter confirmed, that the indentations of the gastric waves were significantly deeper with the low viscosity liquid meal compared with the medium and high viscosity meals. Thereby, retropulsion of the medium and high viscosity ingesta was produced. Results indicated that gastric evacuation was regulated predominantly by the depth of the peristaltic indentation, which depended on the viscosity ofthe gastric contents. Nothing indicated that the phasic contractions of the pyloric sphincter were of importance for the regulation of gastric emptying.
In previous studies on rabbits ' it was found that gastric evacuation depended on the viscosity of the test meals. These findings were in agreement with the results of other groups which have measured gastric emptying of solid particles and of liquids labelled with isotopes.3-7 However, little is known about the different mechanisms involved in the gastric emptying of liquids and solids. Dozois et aL8 and Wilbur and Kelly9 studied the effect of antrectomy and vagotomy on gastric emptying of liquids and of radiopaque plastic spheres in dogs. They concluded that the gastric emptying of liquids is regulated by the proximal stomach, whereas that of solids is regulated by the distal stomach. The simultaneous contractions of the terminal antrum and of the pyloric sphincter produced retropulsion as described in dogs'0 and in humans."-'3 Thereby, the plastic spheres were retained in the stomach, while liquids were emptied very quickly. These results support the idea ofCannon'4 that the pyloric sphincter is the 'keeper of the gate'. However, it is doubtful whether the evacuation of large plastic spheres represents the emptying pattern of normal food. Moreover, these results are largely based on fluoroscopic observations. Exact measurements of Received for publication 8 July 1981 the mechanical activity ofthe terminal antrum have not yet been carried out, and it is not known if this mechanism is also responsible for the regulation of gastric emptying of ordinary food.
Our objective was to clarify the mechanism by which gastric evacuation of liquid and visc us ingesta is regulated. This was accomplished by simultaneous radiography, recording the gastric and duodenal motility, and measuring the gastric evacuation.
The study was part of a dissertation.'5 An abstract of the results was presented at the 7th International Symposium on Gastrointestinal Motility. '6 Methods Five conscious male dogs were studied. Under general anaesthesia extraluminal strain gauge transducers were sutured to the circular axis of the gastric antrum, pyloric sphincter, and duodenum ( Fig. 1) . The transducers were positioned on the duodenum 2.5 cm distal and on the antrum 2.5 cm (Al), 5 cm (A2) and 7.5 cm (A3) proximal to the gastroduodenal junction. The transducers were prepared as previously described. '7 In two dogs the external diameter ofthe pylorus was measured with induction coils which were sutured to the serosal surface on opposite sides ofthe pyloric sphincter. In two other dogs induction coils were sutured to the antrum at site A2 (Fig. 1) . Induction coils were used because the diameter provides better information about the opening and closure ofthe pylorus as well as the depth of the peristaltic contractions at site A2 than do the recordings with strain gauges. The application of induction coils for recording the activity of the pyloric sphincter was described by Brody and Quigley'8 and by Louckes et al. '9 The induction coils and the measuring device were constructed as described by Engelhardt et al. 20 Gastric emptying was measured by a silicone cannula placed into the duodenum 7 cm distal to the gastroduodenal junction (Fig. 1 Motor activities of the gastric antrum, pyloric sphincter, and duodenum were recorded simultaneously with the measurement of gastric emptying. The signals of the induction coils were calibrated at the beginning of each experiment using a second pair of induction coils which were constructed with the same technical measurements as the implanted ones. The strain gauge transducers were calibrated indirectly, in that their signals were compared with a definite strain which was produced by an electronic device (Elan, Dusseldorf, FRG). The recordings were made on a multichannel recorder and on magnetic tape via frequency modulation.
ANALYSIS
The recordings of motility were analysed with a computer. Details of the computer analysis were described previously. 22 The amplitudes of contractions, the contraction-time (the time from the beginning to the maximum of the contraction), the contractile intervals (intervals between the beginning of two successive contractions), and the timedifferences between the contraction maxima of two adjacent recording sites were evaluated.
RADIOGRAPHY
The movement of the ingesta within the stomach and the transfer into the duodenum were observed fluoroscopically using an x-ray image intensifier video system (Siemens, Erlangen, FRG). To correlate the transducer recordings with fluoroscopy the motility tracings were displayed on the monitor and on the video-tape by a second television camera and a mixer. Analysis was made from the video recordings using slow, motion and still-image play back. The advantages of this method have been previously described.2
STATISTICS
The significance of the differences in the diameter of the antrum at site A2 was tested by Student's t test. The U-test of Wilcoxon, Mann, and Whitney23 was used to test the differences in the distribution of amplitudes and the time-differences between contractions of two adjacent recording sites with various test meals.
Results

GASTRIC MOTILITY AND EMPTYING
After the injection of the various test meals during phase II of the interdigestive activity, the irregular motility of the empty stomach changed to regular patterns of the digestive activity (Fig. 2) 
contraction remained larger than that ofthe relaxed pyloric sphincter, most of the viscous ingesta were retropelled into the relaxing proximal antrum; only small amounts of the ingesta which were sufficiently liquefied were delivered into the duodenum (Fig. 3, I and II) . When the peristaltic wave proceeded over the terminal antrum, the pyloric sphincter just started to contract (Fig. 3,  III) . Whereas the residues of the liquid and sufficiently diluted ingesta could escape through the pylorus into the duodenum, viscous ingesta were retropelled into the proximal antrum. Thus, the evacuation of liquid and viscous ingesta was different; it was regulated by adjusting the depth of the peristaltic indentation in relation to the small opening of the pylorus.
When the pulpy ingesta were liquefied by gastric juice the indentations of the antral waves became deeper, gastric evacuation increased, and retropulsion decreased. Sometimes, during the contractions of the terminal antrum, the flow of ingesta into the duodenum was interrupted by contractions ofthe duodenal bulb which had often started before the pylorus was closed.
ANALYSIS OF GASTRIC MOTILITY
Amplitude of contractions As shown in Fig. 2 , gastric and duodenal motility was stimulated when the test meals entered the stomach. With all test meals the frequency of contractions was maximal-that is, one contraction followed the other without interruption. Computer analysis of 6935 contractions in five dogs revealed a mean contractile interval of 11.7 ± 1.4 s; this corresponds to a mean frequency of 5.1 contractions/min. As radiography showed that the depth of the antral indentations was different with the various test meals, the amplitudes of the contractions at site A2 were analysed in five-minute periods. The amplitudes of the contractions of site A2 which were recorded with strain gauge transducers were not significantly different between the low, medium and high viscosity meals. When, however, the diameter of site A2 was recorded with induction coils, the depth of the antral indentation during maximal contraction (Fig. 4, upper lines) was deeper with the low viscosity liquid meal than with those of medium and high viscosity. When the medium and high viscosity meals were liquefied by gastric juice during the course of the experiments the depth of the antral indentation increased. For statistical analysis of this result, comparisons were made between the data taken during the first 10 minutes with the low viscosity meal, the first 20 minutes with the meal of medium viscosity, and the first 30 minutes with the meal of high viscosity. The results (Table 1) confirmed that the depth of the antral indentation was significantly deeper with the low viscosity liquid meal compared with the meals of medium and high viscosity.
Propagation ofantral contractions
The propagation of the peristaltic wave from site A3 of the proximal antrum to the pyloric sphincter is shown in Fig. 5 (left panel) . To evaluate the propagation of the peristaltic waves, the timedifferences of contraction maxima between sites A2 and A 1 and between site A 1 and the pyloric sphincter were analysed by the computer. As no significant differences of the data were found between the various test meals or by dilution of the medium and high viscosity meals, the data of all experiments on the five dogs were summarised. The results are shown in Table 2 . The time-differences of the contraction maxima decreased and thus the velocity of the peristaltic wave increased during propagation from site A2 of the antrum to the pyloric sphincter. The contraction maxima of site A 1 occurred 2.2 ± 0.8 seconds before the contraction maxima of the pyloric sphincter (Fig. 6) . Thus no simultaneous contractions of the terminal antrum occurred. The mean contractiontime of the pyloric sphincter was 3.3 ± 1.2 s (Table 2 ). When this value was related to the timedifferences of the contractions between site A 1 and the pyloric sphincter, it was found that the pyloric sphincter had reached 33% of its maximal contraction during the contraction maxima of site Al (Fig. 5, right panel) .
Discussion
From experiments on dogs using plastic spheres as solid markers it was concluded that gastric emptying of solids is regulated by simultaneous contractions ofthe terminal antrum and the pyloric sphincter.8924 Simultaneous contractions of the terminal antrum were already seen in the isolated stomach of dogs25 and were confirmed by fluoroscopy in dogs'0 and in man. 11-13 These results, however, were based on radiographic findings and on records of the electric activity. Exact measurements of the mechanical activity of the terminal antrum and pyloric sphincter have not been done.
The present experiments have shown that the pyloric sphincter relaxed when the peristaltic wave travelled over the proximal antrum; the pylorus was open when the wave moved over the middle of the antrum, and it started to contract when the wave proceeded over the terminal antrum. Computer analysis of 6948 contractions of the terminal antrum revealed that contraction maxima of the terminal antrum were reached on average 2.2 ± 0.8 s before the contraction maxima of the pyloric sphincter. Simultaneous contractions of the ter- minal antrum and pyloric sphincter occurred very seldom. The controversy in the literature over the type of contraction of the terminal antrum seems to be a matter of interpretation, in that the quickly moving peristaltic wave is described as a simultaneous, concentric, or systolic contraction. [11] [12] [13] The present experiments revealed that only sufficiently liquefied ingesta were delivered into the duodenum, whereas contents of medium and high viscosity were retropelled. This discriminatory function ofthe stomach was caused by adjusting the depth of the indentations of the antral waves to the viscosity of the gastric contents. The pylorus was involved in this regulation of gastric emptying more by its anatomical bottleneck than by its phasic contractions. The primary function of the pyloric contractions might be to clear the pylorus of obstructive material or to prevent duodenogastric reflux. 16 We suggest that the depth of the peristaltic waves might be regulated by tension receptors in the gastric wall. Slowly adapting in-series tension receptors are the predominant mechanoreceptors of the stomach.26 27 When the gastric contents are liquid, the peristaltic contractions produce a small increase in wall tension, as the resistance to the flow of liquids is low. The indentation of the peristaltic wave might thereby be deep. With viscous contents, however, resistance to the flow of the ingesta is great. The peristaltic contractions produce great increases in wall tension. By stimulation of tension receptors inhibitory intrinsic or extrinsic reflexes might be elicited, and the constriction of the same peristaltic wave might be diminished. In this way, the depth of the peristaltic indentation might be regulated in response to the viscosity of the gastric contents. This concept of regulation is in agreement with the results on the motility of the forestomachs in ruminants. Leek2829 found that the frequency and strength of the contractions of the forestomachs are influenced by a reflex mechanism originating from slowly adapting in-series tension receptors in the wall. This concept might also explain the differences between the recordings of strain gauge transducers and induction coils. Strain gauge transducers measure predominantly the isometric component of the contraction, whereas induction coils measure the isotonic component. When the resistance to the flow of the ingesta is low, the transfer of ingesta might depend predominantly on isotonic contractions. Thus, it is necessary to analyse both components of the contractions in order to get more information about the function of gastrointestinal motor activity. 
